In an attempt to define the molecular events involved in induction of interferon, various parameters of chick cells infected with human adenovirus type 5 were analysed. It was shown by digestion with various proteolytic enzymes and by disruption of the purified virus that induction of interferon requires the interaction of infectious virus with the chick cells. Analysis of adenovirus-infected chick cells by immunological and biochemical techniques indicated that most of the cells produce some virus-specific components, and that temperature sensitive mutants which fail to induce interferon at the restrictive temperature fail to synthesize late components at that temperature. However, since it has been shown that interferon Can be induced in the absence of DNA synthesis, these studies conclude that interferon induction results from an early interaction between virus (or virus product) and chick cells and moreover that this interaction is also necessary for the synthesis of virus DNA in this system.
INTRODUCTION
Adenoviruses are relatively well defined both in terms of their structural components and of events in the infected cell and therefore provide a useful model system for examining various biological phenomena of more general significance. Since the discovery of interferon by Isaacs & Lindenmann 0957) a great number of studies have been carried out to analyse both its induction and its mode of action, but as yet there is no clear idea of the molecular events involved (for a review, see Metz, I975) .
In an attempt to understand the events responsible for the induction of interferon, we have utilized the adenovirus model system and analysed the events occurring in chick cells infected with human adenovirus type 5 where interferon can be readily induced. This system was first described by Beladi & Pusztai 0967) and further analysed by Ho & Kohler (I967) . The induction of interferon appears to require the interaction of infectious virus in that heat or u.v. inactivation of the virus leads to a significant diminution in the interferon production (Pusztai et al. I969) . On the other hand, treatment of the virus with trypsin, which it was claimed did not affect infectivity, completely inhibits the interferon induction, suggesting that some structural component may be responsible for the induction (Beladi & Pusztai, I967) . It has also been demonstrated that u.v. inactivates virus infectivity faster than the interferon inducing activity (Pusztai et al. I969) suggesting that expression of only part of the virus genome is necessary for the induction. Thus, there is some evidence * On sabbatical leave from the Institute of Microbiology, University Medical School, Szeged, Hungary. implicating a structural component and some suggestion that an event following virus-cell interaction may be implicated in the induction of interferon.
The evidence of a number of workers (Beladi & Pusztai, I967; Ho & Kohler, 1967; Ustacelebi, 1973) indicates that the human adenovirus-chick cell system is an abortive one; other studies have further shown that interferon can be induced even in the presence of an inhibitor of DNA synthesis (Bakay & Burke, I972; Ustacelebi, I973) , thus ruling out the possibility that interferon induction depends on virus DNA synthesis and the synthesis of the capsid components.
The availability of temperature sensitive mutants of adenovirus type 5 (Williams et al. I97I) has provided a further means of analysing the significant events since it has been shown that the temperature sensitive mutants ts 28 and ts 19 fail to induce interferon at the restrictive temperature (Ustacelebi & Williams, 2972) . We have used these mutants in this study and have examined a number of parameters in chick cells infected both with wild type and mutant viruses and have related our findings to the induction of interferon.
METHODS

Cells.
Primary chick embryo fibroblasts were cultured in Eagle's medium (MEM) containing lO% calf serum with penicillin and streptomycin (Ioo units/ml). HeLa cells were grown as monolayers in glass bottles or plastic Petri dishes in the same medium. KB cells were grown in suspension in Eagle's suspension medium.
Virus. Wild type (wt) adenovirus type 5 (Ad 75) was propagated in suspension cultures of KB cells by infecting 2 to 5 1 cultures at a cell density of 3 × IO5 cells/ml. Virus seeds were prepared and titrated as described previously (Russell et ak 1967) . Temperature sensitive mutants Ad 5 ts 18 and Ad 5 ts 19 were obtained originally from Dr J. F. Williams and grown and titrated as before (Russell, Newman & Williams, 1972) .
Purification ofadenovirus. Virus was extracted from infected cells by suspending them in phosphate buffer (2o raM; pH 6.8), disrupting in a bath type sonicator (Megason) and extracting the resulting suspension with an equal volume of fluorocarbon (Arklone, ICI) by homogenization in an MSE blender. After centrifugation (at 500 g for lO min) the resulting opalescent suspension was placed on top of a layer (0"3 vol.) of caesium chloride (density 1"33 g/ml) which had been placed above a layer (o.15 vol.) of caesium chloride of density 1.45 g/ml. The caesium chloride solutions were prepared in 5 mM-tris/HC1, pH 7"8, containing 40 % glycerol. After centrifugation (at 10o000 g for 6o min) the opalescent band of virus obtained was retrieved and then further centrifuged to equilibrium in a caesium chloride gradient of average density 1.35 g/ml as described previously (Russell, Laver & Sanderson, I968) . The equilibrium centrifugation was repeated. This procedure gave purified virus suspensions containing a total volume of approx. I ml at a concentration of I mg protein/ml from each litre of infected cells. The criteria for purification were as previously described (Mclntosh, Payne & Russell, 1971 ). asS-methionine labelled virus was prepared as previously published (Russell & Skehel, 1972) .
Interferon assay. Chick cells were grown as monolayers on 50 mm plastic Petri dishes, removed with trypsin after 48 h and resuspended in Eagle's medium at 5 × lO5 cells/ml. Samples (0.2 ml/well) were plated out in Linbro flat-bottomed microtitre plates (96 wells per plate), and incubated at 37 °C for 24 h. The medium was then removed and replaced with lOO/~l Eagle's medium containing 2 % foetal calf serum and antibiotics. The interferon samples, which had been previously heated at 56 °C for 20 min, were serially diluted in the wells and the plate incubated for a further 28 h at 37 °C. Each well was then challenged with a standard dose of Semliki Forest virus (30 p.f.u./well) and incubated for a further 24 h at 37 °C. The plates were then stained with 1% crystal violet in 2 % ethanol and 5o % end points were scored by c.p.e, using the cell and virus controls as negative and positive controls respectively; a known chick interferon standard was used in each assay. Interferon titres were normally expressed as dilutions of extracts giving the 5 ° % end point and checked in every experiment against a standard interferon preparation.
Fluorescent antibody procedures. Chick ceils were grown as monolayers in glass coverslips and after infection for various times were removed from the dish, washed in phosphatebuffered saline, and then fixed in acetone at 4 °C. The fixed cells were then stained for P antigen and hexon antigen using the indirect procedure as previously described (Hayashi & Russell, 1968 ) . Rabbit antisera were prepared using extracts of P antigen and solutions of crystalline hexon as described previously (Russell et aL 1967) .
Polyacrylamide gel electrophoresis (PAGE) and autoradiography. Cell extracts and virus were analysed by PAGE after dissociation in sodium dodecyl sulphate (SDS) and electrophoresis on slab gels using the discontinuous buffer system. Slabs were dried down under vacuum and submitted to autoradiography or stained as appropriate (Russell & Blair, i977) .
Radioactive labelling. Cells were labelled with asS-methionine (2o#c/ml) or with a~P-orthophosphate (5 ° #c/ml) [Russell & Skehel, I972; Russell & Blair, 1977 Enzymes. Trypsin, chymotrypsin and thermolysin were obtained from Worthington and Sigma and were of the highest quality available. Digestion of virus was carried out in phosphate-buffered saline at specified concentrations of virus to enzyme at 37 °C for 60 rain. The reaction was terminated by addition of SDS and urea where the samples were required for SDS PAGE analysis. For infectivity and interferon induction investigations the trypsin-digested samples were further treated with trypsin inhibitor and the other enzyme digests were diluted into medium containing calf serum and frozen at -7o °C until required for assay.
Nomenclature. The terminology proposed by Ginsberg et al. (1966) for the major capsid components (hexon, penton and fibre) and by Russell, McIntosh & Skehel (I971) for the internal components is used. Other structural and non-structural polypeptides are referred to using the terminology proposed by Maizel, White & Scharff (1968) and Anderson, Baum & Gesteland (1973) for adenovirus type 2 as amended for adenovirus type 5 by Russell & Blair (I977) .
Generally the structural components are referred to either by specific names (e.g. fibre) or by Roman numerals (e.g. VI) whereas the non-structural components are characterized by numbers referring to their apparent tool. wt. (e.g. 72K, looK).
RESULTS
In preliminary experiments replicate cultures of primary chick cells were infected with wt virus at various multiplicities and the interferon released was assayed at different times after infection. The results in general agreement with those of previous workers indicated that the maximum yield of interferon was obtained at 72 h post infection providing that the multiplicity was such as to ensure that all the cells were infected. At higher multiplicities a similar maximum yield was obtained at 48 h. Infection with the temperature sensitive mutants ts 18 and ts I9 at the restrictive temperatures of 38"5 °C gave negligible yields of B. TARODI AND OTHERS @/) interferon compared to that obtained at the permissive temperature of 33 °C (data not shown). It had previously been reported (Beladi & Pusztai, I967) that virus treated with trypsin lost its capacity to induce interferon while retainingits infectivity, suggesting that a structural component which had been degraded or merely nicked by proteolysis was significant in the induction phenomenon. We have extended these investigations by analysing the effect of three enzymes, trypsin, chymotrypsin and thermolysin on the purified virus and compared their effect to that of heat and disruption by dialysis. We examined these treatments with respect to the induction of interferon, to infectivity and to the polypeptide pattern displayed by the virus after denaturation in sodium dodecyl sulphate (SDS) and polyacrylamide gel electrophoresis (PAGE). Fig. I summarizes the results obtained for the first two of these parameters and shows that in every case the amount of interferon induced was related to the infectivity of the purified virus after treatment. Fig. I also indicates that purified virus obtained by infecting cells at 33 °C with the ts m u t a n t ts 18 showed much greater heat lability than wild type virus.
The gel patterns obtained after SDS P A G E of the enzyme-treated viruses are shown in Fig. 2 . Treatment with chymotrypsin or thermolysin (Fig. 2 a) while not greatly affecting infectivity or interferon induction does produce limited cleavage of some of the virion polypeptides particularly of the penton base (chymotrypsin and thermolysin) and hexon (thermolysin). These cleavages are presumably a nicking p h e n o m e n o n not affecting the conformation of the structural unit but nevertheless indicate that significant nicking can occur without apparently affecting interferon induction. A similar situation can be seen after treatment with lower concentrations of trypsin (Fig. 2 b) although in this case polypeptide I X is also affected and the fibre polypeptide apparently decreases slightly in mobility indicating cleavage and loss of a small fragment of mol. wt. lOOO to eooo on denaturation. Interferon and adeno infected chick cells 43 I On digestion with higher concentrations of trypsin more extensive degradation of the virion occurs and the core polypeptides become susceptible with concomitant loss in infectivity and inteferon induction, i.e. in the experiment described in Fig. 3 , the higher concentrations of trypsin (III) resulted in the degradation of the core polypeptides as analysed by SDS PAGE. It was particularly notable that gentle disruption of the virus by dialysis against tris-maleate pH 6"4 buffer (Fig. I) did not affect the mobility of the structural polypeptides on SDS PAGE in any discernible ways (i.e. the pattern was identical to slot V in Fig. za ) and yet had a drastic effect on both the infectivity and the interferon induction. Since examination of such disrupted virus by electron microscopy shows that the virus retains its general configuration with the exception of holes in the capsid, particularly at the apices (Prage et al. I97o; G. E. Blair & M. V. Nermut, personal communication) it seems likely that the structural units themselves are not responsible for the interferon induction but that some other event dependent on the interaction of infectious virus with the chick cell is the critical one.
Characterization of adenovirus infected chick cells
We have confirmed (cf. Ustacelebi, 1973 ) that infection of primary chick cells with adenovirus type 5 does not yield infectious virus and hence is an abortive system (data not shown) and further analysis was carried out by ascertaining which (if any) antigens and polypeptides were produced during infection. Fig. 3 shows the pattern of fluorescent P and hexon antigen produced in chick cells infected with wt virus. These antigens were studied because P is the major antigen produced early in infection of human cells whereas the hexon antigen (the major structural component) is a late component whose production is dependent on virus DNA synthesis (Russell et al. I967) . Later work has indicated that the P antigen is composed primarily of the 7zK single stranded DNA binding protein (Russell & Blair, I977) . It will be seen from the figure that at least 8o % of the cells manifest both antigens, the morphology and distribution of the P antigen being similar to that seen in infected human cells (Hayashi & Russell, I968) . Hexon antigen, on the other hand, accumulates in the cytoplasm near the nuclear membrane especially at earlier times of infection (not shown) -a pattern not seen in infected HeLa cells. Similar studies were carried out in chick cells infected with the ts mutants at the permissive and restrictive temperatures and it was noted in three separate experiments that hexon antigen could not be detected at the restrictive temperature although P antigen appeared to be produced normally.
Confirmation of this result was sought by examining the synthesis of polypeptides in infected chick cells by labelling with 35S-methionine and analysing by SDS PAGE and autoradiography. From Fig. 4 it will be evident that synthesis of virus polypeptides is very much reduced compared to that in adenovirus-infected HeLa cells although synthesis of some of the capsid polypeptides can just be detected. A better resolution of the capsid polypeptides was obtained by extracting labelled cellular extracts with fluorocarbon before SDS PAGE analysis. This process selectively extracts some of the cellular components (and probably also some of the non-structural virus components-Russell & Skehel, I972) allowing the hexon and fibre polypeptides to be clearly seen. None of the other virus structural or nonstructural polypeptides can be recognized. On analysing chick cells infected with ts I8 at 33 and 38"5 °C hexon, fibre and 7zK polypeptides can be clearly seen at the permissive temperature but not at the restrictive temperature. Similar results were obtained with ts 19 infected cells.
Phosphorylation of polypeptides (Russell & Blair, I977) in infected chick cells was studied by labelling with 3~P-orthophosphate and analysing by SDS PAGE followed by autoradiography. Fig. 5 shows the pattern of phosphorylation obtained. It is interesting that one of the first evea~s noted is the modification of 26K polypeptide (possibly a ribosomal component) followed by the phosphorylation of the 72K non-structural polypeptide and in general the pattern of p h o s p h o r y l a t i o n is in excellent agreement with that seen early in infected h u m a n cells (Russell & Blair, i977) . N o differences could be detected in cells infected with the t s mutants at the two temperatures (data not shown) i.e. the pattern of phosphorylated polypeptides characteristic of early events could be detected at the restrictive temperature after infection with t s I8 and t s 19 in agreement with the fluorescent antibody results.
[The inability to detect aSS-methionine labelled 72K at the restrictive temperature ( Fig. 4) p r o b a b l y reflects the greater sensitivity of the 3~p labelling technique.] It may also be of some significance that there was no indication of the synthesis or phosphorylation of the l o o K polypeptide in the infected chick cells (Russell & Blair, t977) . This is the major late non-structural virus coded polypeptide and is normally very prominent late in infection o f h u m a n cells. 
DISCUSSION
These studies have shown that induction of interferon in chick cells infected with human adenovirus type 5 requires the interaction of infectious virus with the host cells. The results of enzyme digestion on the purified virus clearly show that the virus can withstand limited digestion in terms of polypeptide ' nicking' while substantially retaining the infectivity and ability to induce interferon. More extensive digestion leads to breakdown of the virion structure and concomitant loss of infectivity and interferon induction. This result is at variance with the original report by Beladi & Pusztai (i967) and by Ho & Kohler (I967) that trypsin treatment abolished the ability to induce interferon while retaining infectivity. The reasons for this conflict in the results are not clear.
Analysis of the events occurring in adenovirus-infected chick cells both by immunological and biochemical techniques have indicated that most of the cells produce virus-specific components. The major early antigen and some of the late components could be recognized and it may be significant in terms of the abortive nature of the infection that some of the late components (e.g. IooK) could not be detected and that the hexon antigen showed an abnormal cellular distribution. The influence of host cell factors in the synthesis of adeno- (Russell, I974) . Whether these host cell factors operate at the level of transcription or elsewhere and what influence they have directly or indirectly on the induction of interferon remains to be determined. This study was initiated primarily because of the availability of mutants which were temperature sensitive with respect to interferon induction. It was originally hoped that a detailed analysis of the events in chick cells infected with these mutants at the two temperatures would clearly indicate a temperature sensitive defect at the molecular level (e.g. a failure to phosphorylate a polypeptide) which could be related to interferon induction. In the event this hope was not realized. Thus, the analysis of the temperature sensitive mutants has shown that under conditions where interferon is not induced at the restrictive temperature no late events could be detected either immunologically or by polypeptide synthesis. Furthermore no differences could be seen early in infection at the two temperatures either by immunological or biochemical methods. These findings suggest that some late event depending on virus DNA synthesis is required for the induction. However, other investigations have shown that interferon can be induced in this system in the presence of an inhibitor of DNA synthesis (Bakay & Burke, 1972) and also by infection with ts 36, (a DNA negative mutant) at the restrictive temperature (Ustacelebi & Williams, 1972) . On both these counts therefore, it must be assumed that induction of interferon is dependent on some early interaction of the virus and the chick cell-this conclusion was also drawn by Ustacelebi (1976) on the basis of 'shift-up' experiments. The situation is further complicated by the fact that both ts I8 and ts 19 on infection of human cells at the restrictive temperature synthesize virus DNA and all the capsid antigens (Russell et al. 1972 ) and no interferon can be detected at either temperature. A more detailed analysis of the synthesis of the polypeptides shows that all the recognizable polypeptides are made but that they fail to be assembled and consequently no processing of polypeptides VI, VII and VIII can be detected at the restrictive temperature (B. Tarodi, A. Douglas, D. Rekosh & W.C. Russell, in preparation) . The present studies (Fig. I) and those of Ustacelebi (1976) have also shown that ts 18 and ts 19 virus infectivity is much more heat labile than wild type, suggesting that some structural component is defective in these mutants.
One explanation which seems compatible with these results is that an early interaction between virus (or virus product) and chick cells is necessary both for induction of interferon and for virus DNA synthesis but that this interaction is not necessary for virus DNA synthesis in human cells.
It has long been established that double stranded (ds) RNA can induce interferon (Lampson et al. 1967) and it is an attractive proposition that interferon induction by viruses is mediated by the production of ds RNA. In the case of DNA viruses, however, ds RNA does not appear to be an obligatory intermediate during the replication cycle (Burke & Russell, 1975) . Nevertheless ds RNA molecules have been detected on extraction of chick celIs infected with vaccinia virus (Colby & Duesberg, 1969) and after extraction of adenovirus infected human cells (Lucas & Ginsberg, 1972) . However, attempts to extract ds RNA from adenovirus infected chick cells by labelling and chromatographic techniques have not been successful (Bakay & Burke, 1972) . We have carried out a number of experiments using a very sensitive technique to detect ds RNA and have been successful in detecting it in very small amounts in both uninfected and infected chick cells (B. Tarodi & M. Clemens, unpublished results). However, difficulties in characterizing satisfactorily the ds RNA and, above all, of ruling out the possibility of artefacts being obtained during the initial extraction, precluded further investigations in this direction. Thus, although it is still possible that ds RNA could be the inducer in this case (perhaps caused by the inability of the infected chick cell nuclei to process the virus transcripts from both strands of the DNA satisfactorily), further techniques will have to be developed before the hypothesis can be satisfactorily explored.
A number of investigators have attempted to use temperature sensitive mutants of RNA viruses to investigate the nature of the induction phenomenon and in all cases so far reported the results have been difficult to interpret. Thus, some mutants of Semliki Forest virus do not induce interferon or make virus RNA but this only occurs at low multiplicities (Lomniczi & Burke, i97o ). A related virus, Sindbis virus, on the other hand does not show any simple relationship between virus RNA or ds RNA synthesis and interferon induction (Lockart et al. 1968; Atkins & Lancashire, I976 ). An equally confusing pattern of results was obtained using temperature sensitive mutants of reovirus (Lai & Joklik, (1973)- These results together with the ones reported here suggest that the induction of interferon involves parameters of the infected cells that have not yet been recognized and a search for these factors is obviously a high priority for future research in this area.
